Vaccinations are powerful tools to help prevent/minimize the consequences of infections. Currently available vaccines are protecting only part of the human population because of the age-related decrease in immune functions. Vaccination against Streptococcus pneumoniae and influenza are strongly recommended in children under 2 years of age and individuals over 65 years of age to protect them from infection. However, although commercially available vaccines against these infectious diseases provide protection and ensure lasting immunological memory in children and adults, they are much less effective in elderly individuals. The mechanisms for the reduced response of the elderly to pneumococcal and influenza vaccines are discussed in this review from the perspective of deficiencies seen in B cell function with age.
INTRODUCTION
Bacterial and viral pathogens play a significant role in serious infections in adults and may lead to the need for hospitalization and admission to intensive care units, especially in cases of severe respiratory distress. Streptococcus pneumoniae, influenza and parainfluenza viruses, respiratory syncytial virus, herpes viruses (including herpes zoster) and adenovirures are the most frequent causes of these severe infections and pneumonia/influenza is the 8 th leading cause of death in the United States [1] .
Vaccination is the most effective tool for preventing infectious diseases. In general, vaccines elicit an immune response and consequently immunological memory that mediates protection from either the infection or the disease. Antibody production by B cells is an essential effector mechanism of protection. In this review, we will focus on vaccines against Streptococcus pneumoniae and influenza, and we will discuss how these vaccines elicit much less protection in elderly individuals than in young adults. We will also consider some of the outstanding questions regarding how to improve the immune and the effective vaccine response in the elderly, with particular emphasis on the B cell response.
PNEUMOCOCCAL DISEASE IN THE ELDERLY
Pneumococcal disease is a serious public health concern and largely affects the very young and the elderly. The most common cause is Streptococcus pneumoniae, which is a frequent coloniser of the nasopharyngeal tract without causing disease. It is an opportunistic pathogen which takes *Address correspondence to this author at the Department of Microbiology and Immunology RMSB #3146A, University of Miami Miller School of Medicine P.O. Box 016960 (R-138), Miami FL 33101, USA; Tel: +1-305-2436040; Fax: +1-305-2434623; E-mail: bblomber@med.miami.edu advantage of the resolution phase of influenza infection and is therefore often associated with flu. Indeed it has been suggested that many deaths attributed to influenza are actually deaths from a secondary pneumococcal infection [2] . Pulmonary pneumonia is the most frequent manifestation of infection, but the most serious is invasive pneumococcal disease, where there may be up to 30% of cases that do not involve a respiratory infection [3] . Disease incidence in the elderly is high, for invasive pneumococcal disease alone the incidence is 40 per 100,000 in the over 65 age group and 50% of these die from the disease (Fig. 1) . There are many more cases of community acquired pulmonary pneumonia that are not always reported, but do contribute to increased morbidity. In the UK in 2004 more than 1 in 5 people consulted their GP for a respiratory disease; 24 million consultations, of which a third are estimated to be for infectious disease [4] . Older people recover more slowly from these infections and they may cause additional co-morbidity, for example, a significant number of adverse cardiovascular events occur within 90 days of hospitalisation for pneumonia, many occurring within 2 weeks of admission [5] . Conversely, pneumonia is itself a significant complication in hospital admissions for other causes, such as major surgery for hip fracture. The emergence of multidrug resistant strains of S. pneumoniae means that induction of host immunity is crucial for protection.
Pneumococcal Vaccines
It is for these reasons that vaccination of children and the older population with the pneumococcal vaccine is encouraged. Since S. pneumoniae is coated in protective polysaccharide the most common vaccine (PPV23) comprises 23 different polysaccharides which are thought to cover the S. pneumoniae serotypes responsible for 90% of infections [6] . However, since polysaccharide is a T-independent type II (TI2) antigen, a B cell response to this vaccine does not follow the classical T-dependent (TD) development pathway, IgG is skewed towards the IgG2 subclass and IgM responses are also thought to be key. The TI2 B cell response is elicited by antigens that consist of repeated epitopes and is still not completely understood, although it seems likely that the so-called "IgM memory" subset of B cells is involved. In man these cells are thought to be the circulating equivalent of the marginal zone B cells of the spleen, which are of the IgM isotype but show evidence of somatic hypermutation in their immunoglobulin genes and protect against S. pneumoniae [7] . Their origins and function remain a matter of considerable debate [8, 9] . A reliance on splenic marginal zone cells would help explain the poor response to pure polysaccharide vaccine in the very young, since this B cell compartment is not fully formed in humans until 2 years of age [10] . The use of a conjugate vaccine (PCV), to help activate the TD pathway of development, has certainly helped improve efficacy of the vaccine in infants and this is now the recommendation. However, there are no major changes in the size of the marginal zone of the spleen in old age [11] , and there are conflicting reports as to whether IgM memory levels change with age [12] [13] [14] , so the reasons for the increased pneumococcal susceptibility of the very young and the old may be different.
The PPV23 protects younger adults from pneumococcal disease but is much less effective in the elderly. While there is no doubt that the vaccine does help protect against invasive pneumococcal disease, and is therefore currently recommended for the older population [15] , its protection against community acquired pneumonia is extremely poor [16] . Results from the use of different vaccination protocols that include the PCV vaccine, either on its own or in combination with the PPV23 as prime and boost, are controversial [17] [18] [19] [20] . Indeed concerns have been raised that boosting or revaccination might result in hyporesponsiveness [21] . However, there have been a number of recent studies that suggest revaccination is effective and generally well tolerated [22] [23] [24] . It must be remembered that the response is not a TD recall memory response and if there is a gradual age-related decrease in effectiveness to PPV23 vaccination, then a challenge 5 or 6 years later might be expected to be slightly lower in the over 65's due to increased age, regardless of whether subjects had been previously vaccinated. These concerns, together with the poor effectiveness of vaccine in older people, have lead the UK Joint Committee on Vaccination and Immunisation to withdraw their previous recommendation that the individuals over 65 years of age should receive the pneumococcal vaccine [25] . At the present time it seems as if the best way of reducing pneumococcal disease in the elderly is by ensuring effective vaccination of children and thereby providing herd immunity [25, 26] .
Correlates of Protection
One of the main problems in the study of these vaccines is that of not having good correlates of protection in order to measure their efficacy. The easiest, and most commonly used, measurement of the immune response is to measure the pneumococcal-specific IgG serum antibodies by ELISA, since IgG is by far the most abundant antibody produced in response to the vaccine. However, although the protection in elderly is reduced, and there are some reports that IgG levels are decreased [27] , many reports seem to find similar levels of pneumococcal-specific IgG in older people (Fig. 2) [28, 29] . Fig. (2) shows values where the pre-existing amounts at t0 were subtracted from the post-vaccination concentrations. The statistical significance of the correlations remains the same, i.e. not significant for IgG and significant for IgM and IgA, even if the pre-existing values were not subtracted (data not shown). Hence levels of pneumococcal-specific IgG seem to correlate with protection in young adults but not in the old, therefore IgG ELISA may not be the most appropriate correlate of vaccine efficacy. The opsonophagocytic assay is a functional assay that may be a better reflection of the efficacy of the antibody response in vivo [30] . This assay uses total serum and so may not necessarily reflect the activity of total IgG. While the levels of specific IgG that are induced in response to pneumococcal vaccination may not significantly differ with age, there is no question that the levels of opsonophagocytic activity do [28] [29] [30] [31] [32] . Therefore it is worth looking at other factors that may be relevant. In vivo the decreased phagocytic abilities of macrophages and neutrophils are likely to be highly relevant, although this would not be relevant in the in vitro assays. While there is some controversy over whether levels of complement change with age, reports are either that they remain unchanged or they increase [32] , so a lack of complement is not likely to be a cause of reduced opsonophagocytic activity. Since it has been shown in both mice and humans that the classical pathway is the dominant complement pathway required for protection from S. pneumoniae infection [33, 34] , the quality of antibody is a prime consideration.
Relevant Classes of Antibody
In spite of the fact that TI2 responses would predispose towards IgG 2 in humans, not many studies look at different subclasses of IgG. Children make more IgG 1 in response to pneumococcal vaccination than adults, and there are indications that within adults there may be differences in the ratio of IgG 1 /IgG 2 with age so this may be pertinent [35] . Perhaps more importantly, from the point of view of protection against pulmonary disease, IgA antibody may also contribute to protection. IgA is crucial for protection of mucosal barriers, is induced after pneumococcal vaccination in humans [36] and has been shown to control S. pneumoniae nasal colonisation in mice [37] . Data from our lab and others show that although the levels of pneumococcal-specific IgA are considerably lower than IgG, there are significant reductions in IgA with age [38, 39] . The biggest difference appears to be in the week immediately following the vaccine challenge, thereafter the young adults do not further increase serum antibody and by day 28 the age-related difference is negligible [39] . Hence differences in IgA responses may help explain the ageing immune response, although perhaps not via differences in opsonic ability since removal of up to 80% of the IgA antibodies from sera at day 28 after vaccination had no effect [38] . In contrast, removal of IgM had a significant effect on the opsonic capability of the sera. It was thought that even though the IgM levels are much lower than IgG, their much greater efficiency could mean that the failure of opsonophagocytosis in old age could be due to changes in IgM [38] . Pneumococcal-specific IgM levels have been shown to be significantly reduced with age at both Fig. (2) . Pneumococcal-specific serum antibody. Showing the peak increase in pneumococcal specific antibody (value at peak less value pre-vaccination) versus age of subject a) IgG at day 28, b) IgM at day 28, c) IgA at day 7. Pearson's correlation statistics. 1 week, 2 weeks and 4 weeks after vaccination [14, 39] . Furthermore, a decrease of naturally acquired pneumococcalspecific IgM antibodies in older people, in the absence of any vaccination, has been shown [31] .
While some pneumococcal-specific IgM antibodies are known to be in germline configuration and polyreactive for different serotypes [40, 41] , implying a possible origin from naïve B cells, others may well be derived from IgM memory cells [7, 10] as discussed above. Indeed the use of a humanised SCID mouse model has demonstrated that IgM antibody is largely made by the CD27+ IgM+ subset rather than the naïve CD27-IgM+ cells [42] . Human B1 cells have recently been reported to be in the IgM memory subset [43] and may well be important in the response. It is also interesting that many pneumococcal-specific antibodies are encoded by IGHV3 family genes [44, 45] and although the IGHV3 family is the most used in all B cell subgroups it is overrepresented in IgM memory cells [46] .
It must be remembered that there over 90 different serotypes of S. pneumoniae and that our current vaccines use between 7 and 23 of them. As we increase vaccine coverage we also inadvertently change the prevalence of different serotypes in the population [47] . In addition, polysaccharide responses do not appear to be persistent and require revaccination. Thus, although strategies to improve vaccine responses in the elderly are important, it is also imperative to determine the underlying cause for their immunodeficiency, as a therapy for this may have a more significant effect for the population in the longer term.
INFLUENZA IN THE ELDERLY
Influenza is associated with morbidity and mortality in individuals over 65 years of age, children under 2 years and individuals at high risk for complications from influenza because of other co-morbidities such as immunodeficiency diseases, ischaemic heart disease, cerebrovascular disease, diabetes [48] . The complications of influenza may include secondary bacterial infections and exacerbations of preexisting medical conditions [48, 49] . Hospitalization has been described as a major contributor to the development of disability in elderly individuals [50] . This decline in physical activities and consequent disability represent a significant economic burden due to both direct (medical) and indirect costs (inability to work, reduction in productivity) [51] . Influenza epidemics are associated with approximately 200,000 estimated hospitalizations and 36,000 deaths each year in the United States [52] .
Influenza Vaccines
Although antiviral drugs against influenza are available, vaccination is the most effective method of preventing influenza infection and disease. There are two types of vaccines available in the United States: trivalent inactivated vaccine (TIV) and live attenuated vaccine (LAV). Both vaccines contain two influenza A viruses (H1N1 and H3N2) plus influenza B virus. The TIV, produced by several manufacturers, is licensed worldwide and recommended for many populations, including the high risk groups mentioned above. TIV is widely used for the prevention of influenza and has been available for more than 60 years [51] . For this vaccine, the serum antibody response after vaccination correlates with protection against subsequent influenza infection [53] . Although intranasal administration of LAV has also been shown to induce a robust serum and mucosal antibody response in children and adults, the magnitude of the influenza-specific antibody response in serum is much lower than that elicited by TIV [54] .
The influenza vaccine induces an antiviral response in B and T cells, resulting in humoral and cellular immunity, respectively [55] . Vaccine-activated T cells stimulate B cells to differentiate and secrete antibodies specific for a particular vaccine strain. The antibody response to the vaccine is the first line of defense against subsequent influenza infection. The specific antibodies bind to the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA), to neutralize the virus particle [56, 57] . Secretory IgA and IgM provide protection against the establishment of initial infection, however, IgG neutralizes newly replicating virus once infection has been established [58] . Annual influenza vaccinations help the human host to make protective levels of antibodies against the currently circulating strains [59, 60] . Although for long time a general consensus has existed that there is little or no pre-existing immunity to newly emerging influenza variants in human beings [59, 60] , recently it has been shown that seasonal influenza vaccination can induce polyclonal heterosubtypic neutralizing antibodies which are cross-reactive with both the swine-origin pandemic H1N1 virus and the H5N1 avian virus [61] .
The effects of influenza vaccination are different in individuals of different ages [62] [63] [64] [65] [66] and successive annual vaccinations increase protection against influenza [67] [68] [69] . In the case of seasonal influenza vaccination there is evidence that elderly individuals who have routinely received the vaccine can still contract the infection, with secondary complications leading to hospitalization, physical debilitation, exacerbation of underlying medical conditions and death [70] [71] [72] . This is likely due to some elderly individuals having a more compromized immune system. Moreover, antigenic drift, resulting in a mismatch between the virus strain in the vaccine and the circulating virus strain, can also cause reduced vaccine effectiveness [73] . The fact that the influenza vaccines also prevent complications from influenza (e.g. pneumonia) strongly supports vaccination campaigns targeted to improve immune functions in elderly individuals. Current influenza vaccination campaigns are able to reduce hospitalization to some extent [74] , but rates of hospitalizations due to influenza-related disease are still high [69] , likely due to reasons above.
Influenza Vaccination and the Immune Response
The age-dependent differences in the response to influenza vaccination depend on age-related differences in the innate and adaptive systems [64, [75] [76] [77] [78] . These include reduced natural killer cell cytotoxicity on a per cell basis [79] , reduced number and/or function of dendritic cells in blood [78, [80] [81] [82] , decreased T cell function [82] [83] [84] [85] [86] [87] , loss of CD28 expression [88] , cytomegalovirus (CMV) positivity [89, 90] , decreased memory B cells [13, 14, 91, 92] and reduced specificity and class of antibody produced [93, 94] . Most of the studies conducted so far have shown that the reduced response of the elderly to influenza vaccination is correlated with the decrease in T cell functions, in particular CD8+ T cells [55, 83, 86, 95, 96] . Moreover, the frequencies of CD8+CD28-T cells have been proposed as biological markers of compromised immune competence, identifying individuals at risk for insufficient antibody responses [83] . Others have shown that the levels of interferon-γ (IFN-γ) , interleukin-10 (IL-10) and Granzyme levels increase after influenza infection, and in young individuals more than in the elderly. These responses are specific for the infecting strain and can be used to predict the immune response to influenza vaccination and infection [96] .
Influenza Vaccination and B Cell Response
Only a few studies have evaluated possible age-related intrinsic defects in the B cell-specific response to influenza vaccination. In a study recently published [97] , we have evaluated the serum response to seasonal influenza vaccination in subjects of different ages and associated this with the specific B cell response to the vaccine in vitro. Briefly, we have stimulated peripheral blood-derived B cells with the autologous vaccine in vitro for 7 days to induce activation-induced cytidine deaminase (AID). AID is present only in activated (vaccine-stimulated) B cells, is a good measure of B cell function [13] , including vaccine-specific responses. Our results obtained during the 2008-2009 and the 2009-2010 seasonal influenza vaccination show that the specific AID response of B cells to the influenza vaccine given in vitro and the in vivo serum response to vaccination (as evaluated by the hemagglutination inhibition assay, HAI) are correlated and are decreased with age [97] . Moreover, the ex vivo percentage of switch memory B cells and their increase after vaccination are also correlated and are decreased with age [97] (Table 1 and Fig. 3) . Data presented in Fig. (3) , showing that the fold-increase in HAI serum response and in the percentage of switch memory B cells are correlated, have been obtained from a limited number of individuals vaccinated during the 2009-2010 seasonal flu vaccine campain. However, we have data consistent with the results in Fig. (3) for the pandemic (p) H1N1 vaccine response (Frasca, et al.,) .
NOTE ADDED IN PROOF
Although we have not measured vaccine-specific switch memory B cells, their percentage increases only if the Fig. (3) . The serum response and the ex vivo generation of switch memory B cells are correlated. Sera were analyzed in HAI assay to evaluate antibody production to vaccine. Switch memory B cells are CD19+CD27+IgG+IgA+. The same subjects presented in Table 1 are evaluated. Fold-increases in HAI are: 7.9±2.1 (young) and 2.0±0.3 (elderly). Fold-increases in switch memory B cell percentages are: 2.4±0.2 (young) and 0.9±0.3 (elderly). The differences between the 2 groups are significant (p=0.0385 for HAI and p=0.0455 for switch memory B cell percentages). Sera isolated from subjects of different ages, before (t0) or after vaccination (t28), were collected and analyzed in HAI assay to evaluate antibody production to vaccine. Results are expressed as fold-increase after vaccination. HAI>4 means a positive seroconversion. B cells (10 6 cells/ml), isolated from the peripheral blood of the same subjects, before (t0) or after vaccination (t28), were cultured with the vaccine, for 7 days. At the end of this time, cells were harvested and qPCR run to evaluate AID mRNA expression. AID>2 means a positive response in vitro to the vaccine. Thirty-seven subjects were evaluated, 29 young and 8 old. Most of the subjects (68%) fall within the first two groups (p<0.05) by χ 2 . Kruskal-Wallis analysis was performed to examine whether there was a discernible pattern of age between groups. The group HAI<4/AID<2, had most of the elderly in the study (p<0.001).
individuals have been vaccinated. Our results, showing that switch memory B cells are increased by influenza vaccination, are of great importance because memory B cells can carry the history of the individual in terms of specificimmune responses [98] . In an antigen-specific response, memory B cells undergo massive expansion and can differentiate into either short-lived plasma cells, or plasma cells in response to polyclonal stimuli or homeostatic mechanisms [99] . Some of the short-lived plasma cells will eventually become long-lived plasma cells if rescued in available niches, such as bone marrow [100] . In this homeostatic response all memory B cells could undergo continuous proliferation and differentiation and become plasmablasts, contributing to a serum pool of specific antibodies which could theoretically be maintained throughout a human life-span. Although the major preinfection protection against viruses is by the neutralising activity of antibodies, the antibody response of elderly individuals may not be sufficient to adequately prevent a new virus infection. We also evaluated whether B cellspecific immunological parameters could predict poor antiinfluenza virus vaccine responses and therefore can be used as biological markers of immune senescence. Our data demonstrate that the in vitro vaccine-specific AID response correlates with an optimal HAI serum response in most of the subjects [97] , Frasca et. al 2011, submitted]. Moreover, we have also shown that the AID response to CpG at t0 (before vaccination) can predict an optimal vaccine response. Memory B cells and plasmablasts have been correlated with serum antibody levels in another study conducted in children (6 months-4 years and 5-9 years of age) and adults, where younger children responded to TIV less than older children and less than adults [101] . The same group recently showed that the age-related decrease in the serum pH1N1 vaccine response is due to the reduction in the number of responding plasmablasts and hence plasmablast-derived polyclonal antibodies are dramatically reduced in elderly individuals compared with these in young individuals [102] . We have also found (Frasca et al 2011, submitted) that switch memory B cells (CD19+CD27+IgG+IgA+) increase after pH1N1 vaccination at t28 and the fold-increase correlates with the optimal HAI serum response. Moreover, the percentage of switch memory B cells at t0 also correlates with the HAI response. Therefore, we have suggested that these switch memory B cells may be used as a predictive marker for optimal B cell responsiveness, in addition to the AID response to CpG at t0.
CONCLUSIONS
It is clear that we do not yet fully understand the immune response to a TI2 antigen such as pneumococcal polysaccharide in humans and therefore it is imperative that we investigate this in future in order to determine the mechanistic basis for age-related change in pneumococcal responses. Particularly of interest are the IgM+CD27+ B cells, that may include B1 B cells, and which have been reported to decrease with age. Once we understand the mechanisms we may be able to design therapies and better vaccine strategies for the ageing immune system. Until then we should take account of the nature of the TI2 response in our vaccine studies and measure IgM, IgA and IgG subclasses and/or opsonophagocytic assays when looking for correlates of protection. As to the response to the influenza vaccines, these are TD responses that induce IgG specific antibodies. Although these responses require T cell help, autonomous B cell defects have been described in elderly individuals and correlate with the specific antibody response. The deficiencies include AID and switch memory B cells. These biomarkers should be able to measure possible improvement in the response to the influenza vaccine after intervention with either adjuvants or lifestyle changes.
